The petiole of Colocasia gigantea (Blume) Schott is an important agricultural and biological organ, which contains high dietary fiber, pyridoxine, and nicotinamide. However, available genomic resources of C. gigantea are scarce, and this restricts further genetic diversity research, linkage map construction, and marker-assisted selection in C. gigantea. A large-scale genomic DNA study of C. gigantea was conducted using the 454 sequencing technology to develop simple sequence repeats (SSRs). We identified 31 069 putative genomic C. gigantea SSRs, and 100 primers were randomly selected to validate their usefulness in 10 C. gigantea samples. The specificity of six primers yielded amplification products with expected sizes and exhibited polymorphism. The number of alleles per locus ranged from 3 to 7 alleles and the polymorphic information content (PIC) ranged from 0.561 to 0.756. The newly developed SSRs in this study should be useful tools for assessing genetic diversity, understanding population structure, and conserving and using C. gigantea effectively.
INTRODUCTION
Colocasia gigantea (Blume) Schott, a member of the monocotyledonous family Araceae, is an important food crop in Southeast Asia. It is widely planted throughout most wet tropical and subtropical regions, including Vietnam, China, and Japan, for sustainable subsistence. Colocasia gigantea is cultivated for its petiole, which is consumed as a vegetable (Nguyen, 2005; Ivancic et al., 2008) . Sometimes individual leaves are used to make soup, and the corms and leaves are also used for medicinal purposes. Colocasia gigantea is now commercially cultivated in many minority regions of China and the petiole is sold in local markets. In Hawaii, besides local consumption, C. gigantea is exported to the rest of the United States, France, and Japan to meet the cultural nutritional needs of Vietnamese migration (Nguyen, 2005) . Aroids are commonly acrid (Bown, 2000) and require plant material to be processed before it can be edible; they are usually cooked to remove acridity. Wild C. gigantea cannot be eaten; however, cultivated C. gigantea can be eaten, which suggests its high genetic diversity and long history of human selection and cultivation. Although China has a long history of consuming C. gigantea, the C. gigantea genetic resource is still scarce. Genetic studies will offer great potential to detect allelic forms of a gene and phenotypes and accelerate the progress of C. gigantea research.
Simple sequence repeats (SSRs) are one of the most informative and versatile DNA-based markers used in plant genetic research because of their high polymorphism, abundance, co-dominance, and short length, they include linkage map development, quantitative trait locus (QTL) mapping, marker-assisted selection, parentage analysis, cultivar fingerprinting, genetic diversity, gene flow, and evolutionary studies (Zalapa et al., 2012) . For plants without a genome sequence, developing SSR primers is a very challenging job. The traditional method of isolating microsatellites is time-consuming and cost-intensive and has a relatively low efficiency in microsatellite detection. Many studies have indicated that next-generation sequencing (NGS) is an efficient method to identify large numbers of microsatellites at a fraction of the cost and effort of traditional approaches (Angeloni et al., 2011; Ho et al., 2011; Baldwin et al., 2012; Georgi et al., 2012; Kale et al., 2012; Perry and Rowe, 2011; Sahu et al., 2012; Yang et al., 2012) . The two major NGS platforms with an emergent application of SSRs are 454 and Illumina. Compared to Illumina, the advantages of 454 are longer read lengths, higher consensus accuracy, and faster run times (Egan et al., 2012; Zalapa et al., 2012) ; Illumina is mainly limited to organisms with available reference genomes (Wang et al., 2010) . In the present study, we chose NGS (Roche 454 GS FLX + ) to develop SSRs and search for highpolymorphism SSRs that can be used for genetic diversity. This is the first study developing C. gigantea SSRs; it will help to evaluate genetic diversity, linkage map construction, marker-assisted selection, and other related studies of C. gigantea and species of Araceae.
MATERIALS AND METHODS

Plant materials and DNA isolation
The leaf samples were collected from 10 individual healthy C. gigantea plants (four wild and six cultivated). Detailed information of all plant materials used in the present study is listed in Table 1 . For 454 sequencing, total genomic DNA was isolated from the petiole tissues using the 4×CTAB protocol (Dellaporta et al., 1983 ). The DNA products were then visualized by electrophoresis on SYBR Green I stained 2.0% agarose gel with Trans DNA marker I (Ding Guo Co., Beijing, China) to evaluate quality. DNA samples were stored at -20 ℃, and DNA integrity was verified with a Bioanalyzer (2100, Agilent, Santa Clara, California, USA) prior to sequencing. Approximately 5 μg genomic DNA was sequenced with a GS FLX + platform (Roche Applied Science, Indianapolis, Indiana, USA). Sequencing was carried out according to the manufacturer's protocol in BGI Genomics (Shenzhen, China).
Polymerase chain reaction (PCR) conditions
Polymerase chain reaction (PCR) amplifications were carried out with a MyCycler Thermal Cycler (Bio-RAD, Hercules, California, USA) in a final volume of 20 μL. Each reaction tube contained 2 μL PCR buffer, 2 μL dNTP, 2 μL of each primer, 1 μL genomic DNA, 2 μL Taq DNA polymerase (Fermentas, Vilnius, Lithuania), and 10 μL distilled water. For the PCR reaction program, amplification conditions in the thermocycler were as follows: preincubation at 94 ℃ for 5 min followed by 35 cycles of denaturation at 94 ℃ for 40 s, annealing at 55 ℃ (depending on primer pairs) for 45 s, elongation at 72 ℃ for 30 s, and a final extension step at 72 ℃ for 5 min. Optimized SSR primers were used to amplify DNA from five plant individuals to select polymorphic microsatellite markers. Sequence analysis and identification of simple sequence repeats (SSRs) Before assembly, we carried out a stringent filtering process of raw sequencing reads. Only the sequences containing mitochondrial-or plastid-encoded genes were discarded. We removed 454 adaptor sequences from the raw reads obtained with the GS-FLX Titanium sequencer. Only high-quality reads that were at least 50 nucleotides in length were included in further analyses. In the present study, Newbler v2.5 (Roche/454 Life Sciences, Branford, Connecticut, USA) was used to cluster and assemble high-quality reads into a set of non-redundant contigs. Thresholds chosen for the aggregation steps were identified at 90% with a minimum overlapping length of 40 nucleotides . We only searched for SSRs from nuclear genome using the MISA software (http://pgrc.ipk-gatersleben.de/misa/). The minimum length for each type of SSR was set as mononucleotide repeats ≥ 10 nucleotides, di-nucleotide repeats ≥ 12 nucleotides, tri-nucleotide repeats ≥ 15 nucleotides; tetra-nucleotide repeats ≥ 16 nucleotides, penta-nucleotide repeats ≥ 20 nucleotides, and hexa-nucleotide repeats ≥ 24 nucleotides. Oligo-nucleotide primers were designed for selected SSR loci (where repeats were located at least 50 bp from the 5' and 3' end of the sequences) using the PRIMER3 software (http://frodo.wi.mit.edu/primer3/). The parameters for primer design were preferred amplicon size of 100-200 bp, primer size 18-27 bp, and primer melting temperature of 55-60 ℃; the optimum temperature was 55 ℃. When none of the three criteria could be met, the priority was the melting temperature. All primers were synthesized by Invitrogen (Invitrogen Co., Shanghai, China).
Simple sequence repeat (SSR) marker validation and polymorphic SSR selection
Genomic DNA from C. gigantea was extracted as described above and diluted prior to being used as templates to select polymorphic loci. Polymerase chain reactions were also performed as described above. Products from the amplification reactions were resolved on PAGE gels consisting of 4.5% polyacrylamide and 7 M urea in 0.5×TBE buffer, and the fragments were subsequently visualized by silver staining. The statistical analyses of SSR data were performed with PowerMarker 3.25 software (http://www.powermarker.net). The allelic polymorphism information content (PIC) was calculated by the following formula:
2 where Pi is the SSR i th allele frequency (Botstein et al., 1980) . Polymorphism statistics, including allele number, observed/expected heterozygosities, inbreeding coefficient, and linkage equilibrium between loci, were calculated with GENEPOP v4.2 (Raymond and Rousset, 1995) .
RESULTS
Roche GS FLX
+ 454 sequencing and assembly We obtained 1 232 789 reads with a total length of 621 787 375 bp. We incorporated 1 043 587 reads (84.7%) into 46 234 contigs and 630 430 singletons for a total of 676 664 unique sequences. The rest of the trimmed raw reads (189 202; ~15.3%) were excluded from the assembly because the sequences were too short, chimeric, or contained repetitive segments. The contigs had a maximum length of 71 068 nucleotides. Among all contigs, 100-200 bp was the most frequent.
Simple sequence repeat (SSR) identification and characterization
We identified 31 069 putative microsatellites. The frequencies of short tandem repeats, categorized by their unit sizes and the number of repeats, are summarized in Figure 1 . Mono-nucleotide repeats (26 064, 83.9%) comprise the largest group of repeat motifs followed by di-nucleotide repeats (4904, 15.8%), while tetra-nucleotide repeats and penta-nucleotide repeats were the lowest (Figure 1) .
Analysis of A/T and C/G mono-nucleotide repeats showed that the A/T motif was significantly overrepresented (71.17%) in C. gigantea genomic sequences ( Table 2 ). The A/T repeats were not the only predominant mononucleotide repeats, but they were also the most frequent motif in the entire genome, representing 59.71% of total SSRs. Among the di-nucleotide tandem repeats, GA/TC and AG/CT were by far the most common and accounted for 31.749% and 31.505% of all di-nucleotide motifs, respectively; this was followed by AT/TA (18.94%), whereas the GT/AC repeat was extremely rare (8.667%; Table 2 ). The majority of tri-nucleotide repeats found in genomic sequences were TTC, which represented 17.17% of all tri-nucleotide repeats, followed by TTG (11.11%; Table 2 ). With respect to tetra-nucleotide repeats, we only identified ATAC in the C. gigantea genome (Table 2) .
Marker validation and polymorphic simple sequence repeat (SSR) selection
To assess the practicality of the microsatellites discovered in silico, 100 non-redundant genomic SSRs containing sequences (10 mono-, 70 di-, and 20 tri-nucleotide repeats) were randomly selected among 10 C. gigantea samples. Seventy-eight primers (89%) were successfully amplified. Of these amplifiable loci, 36 yielded specificity amplification. Of these 36 loci, 12 yielded products of expected sizes and 24 primers yielded at least two bands. Of these 12 markers, 6 microsatellite markers were scorable and exhibited a broad range of allelic diversity among examined C. gigantea. The list of six sequences containing polymorphic SSRs was deposited in GenBank (KR010361-KR010366) (Table 3 ). For each of the SSR markers, both the forward and reverse primer sequences and PCR product sizes of C. gigantea are listed in Table 3 . For the six polymorphic loci, the number of alleles per locus ranged from 3 to 7 alleles. We identified 28 alleles, with a mean of 2.8 alleles per locus. The PIC ranged from 0.561 to 0.756 (Table 4) .
Data access
The raw sequence data for C. gigantea can be accessed at the National Center for Biotechnology Information (NCBI), Sequence Read Archive (SRA) (NCBI, Bethesda, Maryland, USA) with ID SRR6206491. The sample accession number is SAMN07786806. The BioProject number is PRJNA414351.
DISCUSSION
The identification and development of molecular markers represent significant challenges, especially for organisms that have little or no genomic sequence information. We used next-generation and high-throughput sequencing technology to develop additional genomic-derived microsatellite markers in C. gigantea.
The genome sequences obtained in the present study were incomplete; therefore, the reported 31 069 putative genomic-derived SSRs could be underestimated. We discovered that a large proportion of mono-nucleotide repeats were AT-rich (Table 2) . A similar occurrence was observed in Hevea brasiliensis . The prevalence of genomic-derived SSRs with AT dimeric repeats has also been reported for H. brasiliensis , Pinus massoniana (Bai et al., 2014) , rice, and other plant species (Powell et al., 1996; Temnykh et al., 2001) . In many studies, the AG/CT di-nucleotide repeats was the most common for the transcribed regions (Kantety et al., 2002; Xu et al., 2012) ; similarly, GA/TC and AG/CT di-nucleotide repeats occurred at a higher frequency in the C. gigantea genome in our study (Table 2) . We found that GA/TC and AG/CT account for 31.749% and 31.505% of all dinucleotide motifs, respectively. In our study, most tri-nucleotide repeats were TTC (Table 2) , which is inconsistent with the reports for barley, maize, rice, sorghum (Kantety et al., 2002) , and rubber (Feng et al., 2009) . The most abundant tri-nucleotide motif was GGC/CCG in barley, maize, rice, and sorghum and AAC/TTG in wheat; the majority of tri-nucleotide repeats in rubber were AAG/CTT .   A  4508  2083  1030  601  317  192  75  66  28  16  6  19  8941  34.30  C  924  786  624  368  159  57  9  7  2  1  0  11  2948  11.31  T  5019  2097  1094  580  348  202  130  77  32  14  3  13  9609  36.87  G  1061  906  756  557  401  293  200  130  96  63  34  69  4566 In the present study, the rest of the 24 amplifiable markers yielded at least two bands that could not be reliably scored; this could perhaps be the result of primer design or heterozygosis of C. gigantea in the tested population or an amplification area containing larger introns. This first set of microsatellite markers developed for C. gigantea will be useful for assessing genetic diversity and understanding the population structure of wild populations of C. gigantea and the Araceae family in general.
CONCLUSION
Colocasia gigantea is a very important vegetable in China that contains high dietary fiber, pyridoxine, and nicotinamide. Prior to this study, none of the public databases provided sequencing information for C. gigantea. We adopted the 454 sequencing technology to analyze the C. gigantea genome, characterized it by de novo sequencing without the presence of a reference genome, and developed a set of polymorphic simple sequence repeats (SSRs).
